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Different approach to calculating average angular distributions
of elastically scattered neutrons in the resonance region
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A relatively simple formalism for calculating treverageneutron elastic angular distributiafr./d( in the
resonance region below several hundred keV is presented. The expressﬁ,ﬁdﬂ depends mainly on the
R-matrix parameter§,, R’, S;, andR7 . Comparisons between calculated and experimental angular distri-
butions are presented fdf°Rh, *%a, 2%2Th, and?%%U. A fit to 2% data at 75 keV led to a value of the
p-wave strength function o, =1.81+0.35x 10 *. Except for measuring a complete set of individuall
resonances, determining tipewave strength function by fitting low-energy angular distributions is probably
more reliable than, or competitive with, other techniques which are available. An analysis of elastic angular
distributions as a function of neutron energy is also well suited to a search for intermediate structurg in the
or p-wave strength functior{.S0556-28187)04011-9

PACS numbd(s): 25.40.Dn, 24.30-v

INTRODUCTION formation cross section, represents the remaining terms of
Eqg. (1). The optical model successfully describes #ver-
When a neutron with an energyg several hundred keV agebehavior ofR’, Sy, andS; as a function of mass num-
interacts with a heavy nuclesxcluding fissile nuclgj elas-  ber, but for an individual nucleus the predictions are less
tic scattering, neutron capture, and inelastic scattering toeliable. This is evidenced by the fluctuations of the experi-
low-lying states of the target nucleus, are possible outcomesnental values oR’, Sy, andS; from the predicted average
However, in this energy regime, elastic scattering is usuallyalues. The angular distribution of the “hard sphere” elasti-
the dominant process. The interaction between a neutron arglly scattered neutrons is given dy¢./dQ), but this does
a nucleus can be viewed as being partitioned between “hardot include the contribution of neutrons scattered elastically
sphere” elastic scattering and elastic scattering, capture, anda the compound nuclear states. Thus, an additional calcu-
inelastic scattering which proceeds through the formation ofation must be carried out to more accurately predict elastic
compound nuclear states. In heavier nuclei, the narrow res@ngular distribution$2].
nances observed in high-resolution neutron total cross- Presented here is an approach to calculating average neu-
section measurements persists far above the incident neutrtmon elastic angular distributions in the resonance redien,
energies where experimental resolution is capable of obsentew several hundred keV, which anchors itself more directly
ing this structure. Over the years, the analysis of data colto measured quantities such 8, R’, S;, andR7 . This
lected in high-resolution experiments in the keV energymethod, which automatically includes both the shape elastic
range have led to the determination of the0 elastic scat- and compound elastic scattering, should better reflect the in-
tering lengthR’, the s- and p-wave strength function§,, dividual properties of a particular nucleus. In addition, since
S, the average capture width', and the averagé=0 the expression fodoe/dQ) depends on strength functions,
resonance spacing, for many nuclei throughout the peri- by fitting angular distribution data it is possible to determine,
odic table[1]. e.g., thep-wave strength function. This important quantity is
R’, S, andS;, have played an important role in deter- not easily extracted from experimental data.
mining the parameters of the low-energy optical potential
and in addition, they provide for a simple parametrization of
cross sections. For example, averaging over msnyand CALCULATION

p-wave resonances, the average neutron total cross section in For neutron energies less than several hundred keV, the

the low-energy limit can be expressed as neutron interacting with the nucleus is most likedyor p
2 (1=0,1) wave and of much less importanad, wave (

or=4m(R")%+ 2772)(2\/E50+ 3(27-,27(2)\@ ———|S, =2). The low-energy resonances associated with the com-
x“+1 pound nuclear states, analyzed usingRamatrix formalism

1) [3] are characterized by a neutron widﬂf, a reaction

wherex, E are the neutron wavelength and incident neutroridth TR (which at a few keV is basically the capture width
energy andx=kR where k, R=1.35A"3 are the neutron L), and a resonance energy’. The widthI'y has an en-
wave number and effective nuclear radius. In a low-energyergy! andJ (total angular momentuyrdependence. Another
optical model calculatiofi2], the average total neutron cross importantR-matrix parameter for a givein(and also in prin-
section can be expressed as= o+ 0., Whereo, the ciplel)is R; it represents the effects of far away levels not
shape elastic cross section, is associated with the “harthcluded in the local analysis of individual resonances. At
sphere” scattering 4(R’)?, ando, the compound nucleus low energies thé =0 scattering lengtiR’ is related toR;
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through the relationshiR’ = R(1—Rg). Information about |s|2=4 sirffy+ 27 cog26,) VESy
RY for a number of nuclei in the mass rangefA<232 is

available from average transmission measuremetjts 1 8 ry?
nj
The basic idea is to express, for a given nucleus,athe +2m AE ]Zl ro - \/ESO} (4b)
erage angular distribution in terms of as many experimen- .
tally measurable quantities as possible. Because the lowtp|?=36 sirf 6, + 187 cog26,)P;S;
energy neutron resonances have been analyzed using an . -
R-matrix theory parametrization, this would seem to require 1 [ M (2ri+)2 Ny (T1o)2
that this theory be used to calculate angular distributions. 7 AE > 1“1]* +> 1“1]* —187P;S,,
The expression for the angular distribution of a spin- =1 j =1 j
particle incident upon a spin-0 nucle@so polarizations (40)
which includes the effects of spin-orbit coupling is
, , 2RP(sp*)=6[2 sirfy+ 2 sirf 6, — 2 sirf(6p— 6;)]
do X _
qo=7 | & [0+Da-un+1a-unip, +m{ cog200) VESy+cos26;) 1S, ]
X2 2 — 7 cos2 0p— 01)(VES+P1S)],  (4d)
+ 5 |2 (U =UHP| 2 :
4 I=1 1 NI— (F1+)2 Nl (Fl._)z
2= — T+ = 4e
where + refer toJ=I+%, andP,, P{' are Legendre and Pl TAE 121 FJ-” 121 Fjl (49

associated Legendre polynomials. In an optical model calcu-

lation, anaverage J is determined by a matching of the So: S1 are thel=0,1 strength functions is the incident
logarithmic derivative of the wave function at a distance€Utron energy, and ttie-matrix definition of the remaining

where the complex nuclear potential is insignificant. Here, al@rameters defined in Lane and Thorp@kare

expression foll;” in terms of resonance parameters is em- i) “REP(X)
ployed which is suitable when the average spacing betwee9|=¢|+ v, tanp=— '_, tam,lz'—',
resonances is much greater than the widths of the resonances 7(X) 1-RSH(x)

[3]. The expression fod;” has the form
S)=sh(x)+1,  LP(x)=SH(x)+iPg(x),

I\ spl=
iU
U~e 2% 1+ - e . . Pa(x)
! ,21 E; —A;—E—-i(T}/2) T =P (Y2, PO TR 2
A B
I+ _pl= |+
Iy =Tnj+ Tk, (3) Pe(x) and Si(x) are the penetrability and shift functions

I+ _ple , plx _ _ and the energy dependence of these quantities enters through
wherel'g;=T7; + 1", is a total reaction width, expressed y_ kR wherek is the neutron wave numbery;)? is an
in terms of a capture and an inelastic scattering widtfi. intrinsic width with an absorbed factor of 2. The strength
includes a sum oveN;~ levels within an energy intervlE.  functions have their usual definitions, namely,
The effect of levels not included in the sum, i.&;, ap-

+ . . . N
pears throughy, . This expression fobJ; is substituted into _i 20 0.2
Eq. (2) and the expression for the differential cross section is SO_AE = (7n))"
averagedover an energy intervalE containing many reso-
nanced5]. After some straight forward calculations, which 1 Ny Ny
are outlined in the Appendix, a relatively simple expression S = 2(y1)24 1-y2 5b
for the average angular distribution was found. Importantly, 1 3AE 121 (7}) 121 (%) ()

it depends mainly on measurable average parameters of reso- 5

nances. Thus, existing d4ti] can be used to predict angular Except for sums of the forn¥;I';,/I';, Eq. (48 depends
distributions or an analysis of angular distribution data carenly on Sy, Ry, S;, andRy . Through Monte Carlo tech-
determine the average parameters. The expression given b@ques, these sums can be evaluated by estimates of average
low includes onlyl =0,1 contributions to the cross section. widths, a knowledge of thé=0 level spacingD,, and by

The additional terms required for trlewave contribution, assuming that the intrinsic neutron widthy'rﬁ()2 obey the
which is of minor importance, as well as other approxima-Porter-Thomas distributiof6]. The details are described in
tions and assumptions made are given in the Appendix. the Appendix.

The average angular distribution of elastically scattered The total elastic cross sectian, is determined by inte-
and p-wave neutrons was found to be grating Eq.(4a over 4 radians and in the low-energy limit
asE—0, o, reduces to Eq(1) minusthe reaction or capture
cross section. An examination of E@la) indicates that ex-
cept for the interference term betwesrand p waves, the
angular distribution is symmetric about 90°; thus any asym-
+|p’[2(PD)2], (43 metry arises frons-p interference.

doe

dQ

X2
=7 [1s|2(Po)2+|p|3(P1)2+ 2RP(sp*) PPy
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COMPARISON WITH EXPERIMENTAL DATA 1.5 ——— . — —

The amount of elastic neutron angular distribution data . 103Rh  E=200 keV A
below ~250 keV is sparse. In addition, the angular distribu- '
tion measurements examined may be correct with respect to ol v data'066
shape but not in absolute value, and as a result, it is essentialg | 4+ data*0.63
that the data be properly normalized. Consequently, compari- & ——— cal (S1=5.5x10"%)
sons between calculated angular distributions and experi- & —— cal (51=5.0x10%)
mental data were only carried out for nuclei where total, §
capture, and inelastic cross-section data were available. The
integrated experimental angular distributions were normal-
ized to insure thatrg= 01— 0y,,— 0y . The major uncer-
tainty of normalizing the data arises from the uncertainty of
the total cross section. Typically, the angular distribution e
data was collected in “poor resolution” measurements in ‘ ' ' ' ‘
which the spread in the neutron beam energy wa@ keV.
Thus, the measured angular distribution is an average over
many resonanqes. . .cos() in the lab frame at the incident neutron energy of 200 keV.

The calculathns were carried out as follows. Tt:e EXPerl~rhe filled and open triangles represent estimated minimum and
mentally determined values &, Sp, R', Sy, andRy, for  maximum values of the experimental elastic angular distribution as
the nucleus of interest, were used as input. An effective regescribed in the text. The dot-dashed curves are the predicted elas-
action widthI'r was found which yielded the experimental tic angular distribution using values of the parame®&ysR’, S,
value of og= 0y, + 0y to Within a few %. The sums ap- andR; as reported in the literature. The solid lines are the predicted
pearing in Eq(4a and in the expression farg given in the  angular distribution when one of parameters was vafethin the
Appendix[Eq. (A8)] were calculated with randomly gener- quoted uncertainfyto achieve improved agreement with the data.
ating widths obeying the Porter-Thomas distributiéh Es-
timates of the average widths needed for this calculationf I'y=0.13 eV reproduced the reaction cross sectignof
were determined using the procedure outlined in the Appeng.40 b. Although the general behavior is predicted by the
dix. For the energies of interest here, the very small contridot-dashed curve, the calculated cross section is somewhat
bution of d waves is mostly apparent at the very large andmore forward peaked then the experimental difta shape
small angles. In all the calculations it was assumed 8$at of which is assumed to be “perfect’ As noted previously,
=S andR; =Ry . the measured parameters have uncertainties apedvave

Since the measured quantiti®s, Sy, R’, S;, andR]  strength function o6, =5.0x 10" * is well within the quoted
have uncertainties, it would be unrealistic to always expectincertainty{4] of S;=5.5+0.9x 10" *. This small reduction
satisfactory agreement between the calculated and expeiil S; (all other parameters the sajrieads to the solid curve
mental angular distributions. However, to within the uncer-of Fig. 1, which gives a reasonable representation of the data.
tainties of these parameters, acceptable agreement should be'*%.a. Malanet al.[11] have measured the elastic angular
obtained in most cases. This assumes there is no significadistribution of neutrons scattered frofi®La at 232 keV. In
modulation of the values of the or p-wave strength func- addition these authors measured #g, cross section at
tions due to the presence of isolated doorway states or due togher energies from which an estimg®21 b could be
any intrinsic energy dependence. Except for A& data at made at 232 keV. The total cross section data from F8if.

75 keV, no fitting to the experimental angular distribution suggests thatr; lies between 4.9 and 5.1 b, and that the
data was carried out. Therefore, to within the uncertainty ofcapture cross section is 0.01 b. Thus, the measured elastic
the measured parameters, the calculations presented belanoss section should lie between 4.68 and 4.88 b. A polyno-
represent predictedo./d(Q. All calculated angular distribu- mial fit to the angular distribution data yieldet,=5.00 b,
tions were transformed to the laboratory frame of referenceand consequently, the normalization of the data should lie
Remarks about each nucleus examined follow. between 0.94 and 0.98. Figure 2 shows a plot of the experi-
103R,,. Barnard and Reitmaf¥] have measured the elas- mental data at 232 keV with both normalizatioffied and
tic neutron angular distribution of®R,, at 200 keV. The open triangles The dot-dashed curve was calculated with
total elastic cross section was determined by integrating{Do=208 eV, S$,=0.78<10 %! and (R'=5.3f, S;=0.5
over 4x radians, a best fit polynomial to the data. This pro-x 104, R7=—0.25 [4] where the 0.22 b reaction cross
cedure yieldedo=12.05b, which is significantly larger section required’g=0.65 eV. By changingRy to —0.30,
than the total cross section. At this energy,, o, are  which is within the+0.1 uncertainty of this parameter, the
0.340, 0.057 b, respective[,9], and o7 lies between 8.0 solid curve results. To within the uncertainty of the normal-
and 8.4 b[8]. Consequently, the data plotted in Fig. 1 wasizations both curves are, except for the most forward angle,
multiplied by the two normalizing factors 0.63 and 0.66 in reasonable agreement with the data.
(filled and open trianglgswhich reflect the minimum and 232Th, The 2°2Th 144 keV angular distribution data of
maximum values ob;. The dot-dashed line of Fig. 1 is the Fuijita et al. [12], when integrated over# radians, yielded
predicteddoe/dQ) using the experimentally determined pa- o¢=11.0 b. The minimum and maximumy; values of 11.20
rameters(D,=27.0 eV, Sy=0.54x10"4) [10], (R’=6.2f,  and 11.60 H8] and Ony, Onn, Cross sections of 0.18 and
S,=5.5x10"4, RT=—0.1) [4]. An effective reaction width 0.74 b[8,12], led to the data plotted in Fig. 3 being multi-

0.5 |-

cos(0)

FIG. 1. Elastic angular distribution of®®Rh as a function of
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10— T T T 1.5 T T
139a E=232 keV 28 E=75 keV
= v data*0.98 1.0
b 4 data*0.94 %
o] =~
S o5k~ cal (Ry™=-0.25) ] g
¥ —— cal (R1®=-0.30) 3
© o5t ¢ data*0.94 i
cal
B TR’ Tos 10 T T T
cos(6) @) cos(8)
FIG. 2. Elastic angular distribution of*%La as a function of 15— —
cos() in the lab frame at the incident neutron energy of 232 keV. 28)  E=157 keV
The symbols, as well as the dot-dashed and solid lines, have the - e
same meaning as in Fig. 1. I
1.0
plied by the factors 0.94 and 0.97. The predicted behavior %
of doo/dQ, represented by the dot-dashed curve, was cal- >t
culated with(Dy=16.7 eV, Sy=0.84x 10" %) [13], and (R’ 2 | - data'0.99
=9.72f, $;=1.5x10"%, and R{=0.1) [4]. An effective P ‘ . data*0.94 |
value of I'r=0.39 eV reproduced the 0.92 b reaction cross ——— cal (R1™=0.076)
section. Although this curve gives a reasonable representa Al R(™=0.10)
tion of the data, by changing; to 0.15 (within the £0.1 e
uncertainty of this parameteimproved agreement repre- 00 Lt N
sented by the solid line results. -1.0 0.5 0.0 05 10
2383, For 2% angular distribution data at 75 and 157 (b) cos(6)

keV is available from the work of Barnaet al.[14]. Poly-

nomial fits to these data yielded integrated elastic cross sec- FIG. 4. (a) The smooth curve is the result of a least squares fit to
tions of 12.87 and 10.56 b, respectively. Fheave strength  the 75 keV experimental elastic angular distribution”$U repre-
function S;=1.08+0.1% 10~%, determined from resonance sented by the solid circles. The fit was carried out by holding
parameter$13], has a small uncertainty anﬂ]_, Ty, Tnpy S, fixed to the values 20.8 eV, 1.88L0"* and Iet.tingR', S ' and
are available at both energi¢8,15]. Measurements of the R vary. The value of t_h:p-wave strength _functlon dete_rmlned by
p-wave strength function span a range of values, they are 1 %€ fit is 1.81- 351077 (b) The experimental elastic angular
[13], 1.8[16], 1.9[17], and 2 410 % [18]. Thus in this distribution data of?*% at 157 keV is depicted by the filled and

case. a fit to the data at 75 keV was carried out in order tQPE" triangles which represent the minimum and maximum values
' determined by the normalization procedure described in the text.

The dot-dashed curve was calculated with parameters determined
L S L ] by the fit to the?*® data at 75 keV. The solid line was calculated
22TH E=144 keV with ? change iRy which was within the uncertainty of this pa-
rameter.

-
o
T

determine the parameteRs, S;, andR7; Dy, Sy assumed

] the values(20.8 eV, 1.0% 10~%) [13]. To avoid having the
g . additional parametdr to vary, the angular distribution data
® y data0.97 fitted was normalized ter;—o,,,=12.46, wh
s f s data*0.94 T  Ony 40, whereor, oy,
05 —o- cal R{®=010) | are 12.7 and 0.245[8]. I'g was chosen to be 0.023 eV, the
cal (R{=0.15) | capture width determined by examining individual reso-
- 1%=0.

nanceg13]. The range of parameters which gave acceptable
] fits yielded average values as well as their uncertainties. The
00 e e e values ofR’, S;, andR7 found at 75 keV are 9.580.20f,
cos(6) 1.81+.35x 10 4, 0.075-0.026 [19]. The value of the
p-wave strength function found here is consistent with the
FIG. 3. Elastic angular distribution of¥?Th as a function of 'e€commended valufi] of 1.7+0.3X 1074-_ The final fit to
cos() in the lab frame at the incident neutron energy of 144 kev.the data at 75 keV is shown in Fig(a} with the values of

The symbols, as well as the dot-dashed and solid lines, have tH8’, S1, andR7 found and withI' increased to 0.085 eV to
same meaning as in Fig. 1. give aopg of 0.55 b. The data shown in Fig(a} was multi-
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plied by the normalizing factor 0.94. As expected, the curvewhere all quantities have the same meaning as noted for Eq.
gives a good representation of the data. (2). Substituting theR-matrix resonance expression fof-

For the 2% data at 157 keVgr was estimated to lie [Eq. (3)] into Egs.(A2) and (A3) and averaging Eq(A1)
between 11.00 and 11.538] and witho,,, o,,=0.145b  over an energy interval E containing many resonances, the
[8], 0.955 b[14], normalizing factors of O 94 and 0.99 were average cross section is defined as
applied to the data. The dot-dashed curve of Fidp) 4vas _
calculated with the?*® parameters determined at 75 keV, dog 1 J B2 dog
and withT'r,=0.63 eV to yieldog=1.1 b. The predicted an- dQ AE g, dQ
gular distribution is somewhat larger at smaller angles than___
observed experimentally. Slightly improved agreement withdoe/d{) can be given an explicit form by the following two
the data normalized by the factor 0.99 can be obtained bpasic relationships with whichi|? and|II|? can be deter-
increasingR; to 0.10 as is shown by the solid curve of Fig. mlned
4(b).

dE. (Ad)

RP— J (1-UP)(1—-U})*dE

CONCLUSION =2 sirt,+ 2 sirf,, — 2 sirf(6,— 6,,) + m cosH, P,

A relatively straightforward method for calculating the b
angular distribution of elastically scattered neutrons in the  + 7 cos20,,P;,S;,— 7 cog2(6,— 6,/)]
resonance region below several hundred keV incident neu-
tron energy has been presented. The expressiotidgfd ()
is expressed directly in terms of measurable quantities, e.g.,
S, R, S;, and Ry . Comparisons of predictedog/dQ) E, )
with angular distribution data gave favorable agreement WitfRPE f UP(U,)*dE
experiment to within the uncertainties of the parameters and E1
the experimental data. The formalism presented above, as
shown in the case of%U, can be used to extrag-wave =cog2(6,— 9|r)](1—77[7’|31a+ P|r3b,
strength functions as well as other parameters.

The presence of doorway states can modulate the value of 1
either thes- or p-wave strength functions as a function of TAE sumy.[a,b]
neutron energy. Because the expression obtained for
do./dQ is expressed directly in terms of strength functions,where RP means, the real part of, and the asterisk is complex
it is suggested that an analysis of angular distribution dat@onjugationa, b are either+ or — representing the+ 3 and
taken at different energies is well suited to a search for ini—} compound nuclear state§?, S are “strength func-
termediate structure. tions” for the + and — compound nuclear states:

(A5a)

1
X P|Sa+P|r$b;_Esum|r[a,b] y

(A5b)

1 |
ACKNOWLEDGMENTS 2(7 2, S(:Ej}:)l(ylg)z. (A5c)

| would like to thank R. M. White for his support and
encouragement and A. K. Kerman for a useful and informaThe remaining parameters have been preV|oust defined. In
tive discussion. the expression foda/d() the quantmeﬁa S always ap-
pear in the combinationsl ¢ 1)S" +IS;” so that the final
APPENDIX expression depends on experimentally measured strength
functions.
Described here are the equations and assumptions leading The term sum.[a,b] in Egs. (A5a) and (A5b) has the
to an expression fodo/d() which is mainly a function of form

experimentally determined average resonance parameters. NN F'nal“' b(pla+p' by
The expression for the differential cross section, @g. can sum,.[a,b]= E L o)’
be rewritten as =1 (EP- El ID)ZJF(F“’”FFI b)2/4
2 2 Flalb Flalb Flalb-l-rlalb. A
S e e (A1) o) Ao
If a=b andl=1', then Eq.(A6a) can be written as the sum
of diagonal and nondiagonal terms:

If only contributions froml =0, 1,2, i.e.,s, p, andd waves Na
are included, | and Il will have the form L (T9)?
SUfTh[a,a]:JZl “Fla
I=(1-Ug)Po+[2(1-U7)+(1-U1)]P;
Na,Nal lat-la la la
+[3(1-U3)+2(1-U3)]P,, (A2) RS lerm (T} +F|) _
j7-1 (ER—E2+(TP+T)0)%4

Il=(U7 —U7)Pi+(U; —UJ)P3, (A3) (A6b)
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For the nuclei and energies at which the angular distributionsross section, for a givenvalue, of the+ and — compound
were calculated for comparison with experiment, the nondi-

; _ l+y - ; ; ; _
agonal sums, for whicE— E'#0, had a negligible effect "UCIS SIAtes, .G = o /o . This ratio, which was cal
! ] .culated using an optical model, varies with the mass number

on the cross sections and were neglecteq. At higher energies ¢ the nucleus and for=1 is not sensitive to the param-

where the nondiagonal sums becomes importantwhen eters of the optical potential

t_he sums wnha;ﬁ b orl#|’" become importantthe assump- Typically the sums were evaluated by assuming that 200

tlpns underlying Eq(3) start to break dqwn. Thug Itis a | =0 levels were within an energy intervAIE. All penetra-

signal that the approach presented here is not on firm grourHlities, shift functions, etc., were evaluated at the energy of

[20]. . lay 2 mla the measured angular distribution. AssumingJa+2 level
T_he diagonal Symgj(rnj) ./FJ' were calculated by 9€N"  gdensity dependence, then in the same inten@] there are

erating neutron widths obeying the Porter-Thomas dlstrlbu200 200. 400. 400 60D=0 1. 1*. 2~. and 2" levels

. . . . + |i H ) ) 1 H ) ’ H )

t|0n|+and by assuming that the reaction widkh;=TI"; respectively. The calculation was repeated until the statistical

+I',,; had a constant value for all resonances. As notedincertainty of the average sum was negligible.

below the value of’; was chosen to reproduce the reaction Finally, given the assumptions above, the average reac-

cross sectionrg=o0,,+ o, at the energy of interest. For tion cross section takes the form

this calculation it is also necessary to estimate the average

N|, H._

neutron widths for the differerit’ compound nuclear states. L 1 :
This was done through the relationships or=2m2x2>, | (1+1) iE > F,% T
o =0 =1 j
Iﬂgz\/EDOSO! 1 Nf
I -
@+ DS g2 Tri| (A8)
no T (C+Ly Do e
where,I'g; =T 7+ T, assumed to be constant from reso-
— 21+1) C nance to resonance, was varied to reproduce the experimen-
=P ——+ —=—=D/S (A7) - -
n (0+1) (C+1) ' tal reaction cross sectiorvg=0,,+ 0, . The terms
3(I'j/T}") were evaluated, as described above, by ran-
where Dy, D, , and D, are thes wave andl#0 +,— domly generating widths obeying the Porter-Thomas distri-

average level spacing§, is the ratio of the average reaction bution.

[1] S. F. Mughabghab, M. Divadeenam, and N. E. Holddau-  [12] Y. Fujita, T. Ohsawa, R. M. Brugger, D. M. Alger, and W. H.
tron Resonances Parameters and Thermal Cross Segtions  Miller, J. Nucl. Sci. Technol20, 983 (1983.
Vol. 1 of Neutron Cross SectionfAcademic, New York, [13] F. Rahn, H. S. Camarda, G. Hacken, W. W. Havens, Jr., H. |.

1981), Pt. A; S. F. Mughabghalibid., Pt. B. Liou, J. Rainwater, M. Slagowitz, and S. Wynchank, Phys.

[2] H. Feshbach, C. Porter, and V. F. Weisskopf, Phys. Réy. Rev. C6, 1854(1972.

448 (1954. [14] E. Barnard, A. T. G. Ferguson, W. R. McMurray, and I. J. Van

[3] A. M. Lane and G. R. Thomas, Rev. Mod. Phy0, 257 Heerden, Nucl. Phys80, 46 (1966.

(1958; E. W. Vogt, ibid. 34, 723(1962. [15] R. R. Winters, N. W. Hill, R. L. Macklin, J. A. Harvey, D. K.

[4] H. S. Camarda, Phys. Rev. % 28 (1974). Olsen, and G. L. Morgan, Nucl. Sci. Eng8, 147 (198J.

[5] The value of AE depends on the nucleus in question. For [16] N. W. Glass, A. D. Schelberg, L. D. Tatro, and J. H. Warren,
example, for?*& the s-wave level spacing i©,=21.0 eV in Proceedings of the Third Conference on Neutron Cross Sec-
and averaging fifty =0 levels would requiré\E to be 1 keV, tions and Technology, Knoxville, Tennessee, 19dhpub-
whereas for®%, (D,=208.0 eV),AE would be 10 keV. lished, Vol. II, p. 735;[3].

[6] C. E. Porter, Statistical Theories of Spectral Fluctuations [17] M. Divadeenam, Ph.D. thesis, Duke University, 1968.
(Academic, New York, 1965 H. L. Harney, Phys. Rev. Lett. [18] C. A. Uttley, C. Newstead, and K. Diment, Proceedings of
53, 537(1984; H. S. Camarda, Phys. Rev.4D, 1391(1994. the Conference on Nuclear Data, Microscopic Cross Sections

[7] E. Barnard and D. Reitman, Nucl. Phys303, 27 (1978. and Other Data Basic for ReactqrRaris, 1961(International

[8] Victoria McLane, Charles L. Dunford, and Philip F. Rose, Atomic Energy Agency, Vienna, Austria, 196%ol. |, p. 165.
Neutron Cross Sections Curvéscademic, New York, 19894  [19] In fitting the #3®U 75 keV angular distribution data, the0.3 b

Vol. 2. uncertainty ofor— o, had an insignificant effect 08, and
[9] A. Paulsen, R. Widera, R. Vaninbroukx, and H. Liskien, Nucl. RI—the major effect was on the parameRf. For example,

Sci. Eng.76, 331(1980. for or—0,,=12.76 b, the best fit value d?’ increased to
[10] P. Ribon, J. Girard, and J. Trochon, Nucl. Phpd.43, 130 9.72f.

(1970. [20] For the sums in whictE}*—E} °+0, the positions of the en-
[11] J. G. Malan, W. R. McMurray, P. Van Der Merwe, I. J. Van ergy levels were simulated by randomly generating sequences

Heerden, and C. A. Engelbrecht, Nucl. Phys124, 111 of energy levels which obeyed the Wigner distribution of ad-

(1969. jacent levels spacings.



